Thanks to the increasing use of flow cytometry in research in veterinary spermatology, many new membrane integrity assays have been developed over the past decade. These assays are important because of their superior ability to forecast fertility when compared with other tests, such as sperm motility. This major component of the sperm quality assessment has generated new investigations with the aim of developing tests that can detect membrane damage in a very early state. Using phospholipid transposition tests, early changes in membrane permeability and fluidity can be assessed in a large number of spermatozoa using fluorescent probes in combination with flow cytometry. (Asian J Androl 2007 Nov; 9: 731-737) 
Introduction
Detection of subtle changes in sperm membranes is an issue of utmost importance in human and veterinary andrology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Inter-individual and inter-species variation in the ability of the ejaculates to withstand cryopreservation [13] [14] [15] [16] [17] [18] [19] [20] and other biotechnologies make it necessary to continuously improve and adapt cryopreservation protocols, depending on the species or individual. This is even more important in those species in which the current cryopreservation protocols are still suboptimal. In this regard, evaluation of sperm membranes is a key step in the process of development of new cryopreservation protocols, because these sperm structures are extremely sensitive to the stress induced by freezing and thawing. In view of this fact, methods to disclose minimal and/or early pathological changes in sperm membranes are of critical importance.
Classical fluorescent methods to detect damaged membranes
Although some methods based on histological stains for sperm membranes are still used in clinical practice and even sometimes in research, the use of fluorescent staining together with flow cytometry is the usual practice in the world leading laboratories in the field of veterinary andrology [21] [22] [23] [24] [25] . Although numerous fluorescent dyes have been tested, such as carboxifluorescein acetate combined with propidium iodide, Hoescht 33258, http://www.asiaandro.com; aja@sibs.ac.cn or calcein acetate in combination with ethidium homodimer, the combination of SYBR-14 with either propidium iodide or ethidum homodimer is the combination of probes most frequently used [26] . Both are DNA-binding probes. However, both probes differ in their ability to penetrate sperm membranes. SYBR-14 is an acylated DNA binding probe [26] . Because of the acetyl moieties, this probe easily penetrates intact sperm membranes. In living cells, the probe is deacylated by intracellular esterases, leaving the probe entrapped in the cell. However, both ethidium homodimer and propidium iodide are non-permeable probes, thus staining only the sperm nucleus if there is a fracture in the sperm plasma-lemma. These probes are used in combination, because the range of excitation is similar (488 nm) while the range of emission differs. SYBR-14 emits in the green wavelength (515 nm) whereas both ethidium homodimer and propidium iodide emit in the red wavelength (610 nm).
When both probes are used in combination, as is the usual practice, two to three sperm subpopulations are easily identified. The first subpopulation comprises spermatozoa showing green fluorescence. These are cells with physically intact membranes. The spermatozoa showing red fluorescence are cells with complete membrane damage, whereas those cells showing green and red fluorescence are spermatozoa with damage in the sperm membrane, which allows ethidium homodimer or propidium iodide to enter, and displace or quench SYBR-14. Also, these doubly-stained spermatozoa observed in the scattergrams might result from two sperm, one green and one red, being simultaneously measured as they pass through the flow cell. However, if an adequate gate is selected based on forward and side scatter properties of the spermatozoa, together with a low flow rate, this artifact can be minimized [26] . This is a good technique for quality control of the semen samples at the artificial insemination station. However, the need for improvement of semen freezing protocols, or the possibility of developing "individual adapted" protocols requires new tests that can detect damages of sperm membranes in the very early stages, and even the detection of not only physical, but also biochemical injuries in the sperm membranes.
Detecting subtle changes in sperm membranes

Phospholipids transposition assays
When the cell membrane is disturbed, the phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the plasma membrane, probably related to either a decrease in the activity of a putative translocase, or an increase in the activity of scramblases, or both [27] . This is one of the earliest changes in the sperm membrane, and can be monitored by the calciumdependent binding of Annexin-V (A). Recently, it has been demonstrated that freezing-thawing of human [28] , bull [29, 30] and boar [10] spermatozoa induces membrane PS translocation. A binding appears to be more sensitive in detecting a deterioration of membrane functions compared to propidium iodide (PI) staining in frozen-thawed human semen samples [31] and is also more sensitive than the combination of SYBR-14/PI for bull semen [29] . Moreover, a considerable percentage of the live human spermatozoa appear to have dysfunctional plasma membranes besides those dead or moribund cells. Apoptosis plays a major role during spermatogenesis, and also a significant role during the final stages of sperm differentiation. In Drosophila, the remodelling of the surplus cytoplasm during spermatid differentiation seems to be a caspase-mediated apoptotic mechanism [32] . However, once mature spermatozoa are ejaculated, they are theoretically unable to undergo apoptosis, because they are terminal cells that do not retain the necessary caspase-mediated mechanism [33] . Despite this basic assumption, a number of spermatozoa might present aminophospholipid exposure after ejaculation [34] , remainders of an earlier, abortive apoptotic change. Such spermatozoa would, supposedly, be non-functional, but they would, on a routine spermiogramme, be misjudged as normal spermatozoa. Some apoptotic-like phenomena have been claimed to occur in mature spermatozoa, such as the translocation of PS from the inner to the outer leaflet of the sperm membrane [35] , which accompanies subtle changes in sperm membranes related to cryoinsult or capacitation [20, 36, 37] . However, not all the studies have detected transposition of PS in capacitated spermatozoa [38] [39] [40] [41] , or in spermatozoa subjected to biotechnological procedures such as sorting [42] . The reasons for these discrepancies might be related to differences in the experimental design and a lack of consensus in the techniques used to detect capacitation. In spite of this, new data indicate that an apoptosis-like phenomena is involved in cryodamage [43] [44] [45] [46] , and has been suggested that PS transposition is mainly related to early membrane degeneration as well as dead cells as occurs in somatic cells [41] . It is of interest to note that . 733 . PS is also present in the outer acrosomal membrane [38] . The fact that a recent human study shows that the annexin assay provides information for predicting the outcome of preservation [47] adds value to this technique. The molecular mechanism involved in such putative apoptosis is still under debate. However, recent experiments demonstrate the involvement of caspases in mature spermatozoa, both in humans [44] [45] [46] and animals [48] . Apparently, the mitochondrial pathway of apoptosis is present in mature spermatozoa [39] . Also, a caspase mediated apoptotic mechanism has been demonstrated to be involved in sperm death induced by Chlamidia trachomatits [49] . We have detected active caspases in our laboratory in frozen thawed canine and pig spermatozoa using the caspa se inhibitor VAD-FMK. Interestingly, in some human studies, ejaculates showing lower cryotolorerance, in infertile patients, showed a higher susceptibility to caspase activation [45, 50, 51] .
In the last decade the use of aminophospholipid exposure assays to evaluate sperm membranes has received increased interest both in human [28, 31] and veterinary andrology [29, 30, 36] . The use of this technique to evaluate sperm membranes is assumed to be a more accurate and discriminative method than the combination of classical fluorescent probes, such as the well-validated combination of SYBR-14/PI [26] . The higher value of aminophospholipid exposure assays in the evaluation of sperm membranes relies on their ability to detect changes in the membrane at an earlier stage than other fluorescent probes. In fact, the population of live sperm, as evaluated using SYBR-14/PI, is a heterogeneous group of spermatozoa because we can detect living spermatozoa that has experienced the transposition of PS from the inner to the outer leaflet of the membrane, intermingled with living spermatozoa without this transposition (by definition, the latter are to be considered completely viable spermatozoa) [29, 36] . Live spermatozoa with PS translocation are probably not completely competent. In fact, the presence of these cells increases after cryopreservation in bull [29] and human semen [31] . Interestingly, those boar ejaculates having large numbers of spermatozoa presenting PS-transposition are more sensitive to the freezing-thawing procedures [36] . Although yet speculative, we hypothesized that the subpopulation of live spermatozoa with PS translocation might essentially represent the subpopulation of spermatozoa that would have a reduced life span in vivo [52, 53] . However, PS exposure after cryopreservation is pancellular, whereas bicarbonate induced PS exposure is specific for mature sperm cells, and only in the apical plasma membrane area of the sperm head of acrosome intact live cells [35, 37] . Under the stress of cryopreservation, enzymes involved in maintaining phospholipids asymmetry are silenced, which results in exposure of aminophospholipid, especially in the sperm mid-piece area [35, 37] . The identification and quantification of this subpopulation is, obviously, of extreme importance when designing freezing and thawing procedures.
Changes in sperm membrane permeability
Detection of increased membrane permeability is used in different cell types to distinguish different status of membrane organization [54] [55] [56] [57] . In determined physiological or pathological situations, live cells are unable to exclude YO-PRO-1, but are still not permeable to other dead-cell discriminatory dyes, like propidium iodide or ethidium homodimer. YO-PRO-1 is an impermeable membrane probe and can leak in, only after destabilization of the membrane, under conditions where ethidium homodimer does not. Because several ATP-dependent channels have been detected in spermatozoa [58] , it seems plausible that this is a result of the silencing of a multidrug transporter. This multidrug transporter is involved in transporting amphipathic small molecules like YO-PRO-1, which in intact cells is actively pumped out but not after destabilization of the plasma membrane, maybe because sub-viable cells lack appropriate amounts of ATP to transport YO-PRO-1 back out of the cell [55] . Therefore, the use of a fluorescence probes, such as YO-PRO-1, which penetrates cells as they undergo changes related to cryoinjury, where membranes become slightly permeable, makes YO-PRO-1 a useful tool for detecting early membrane changes [59, 60] .
We have developed a triple staining combining SNARF-1, YO-PRO-1 and ethidium homodimer [10, 11] to disclose early changes in sperm membranes in a similar way as the annexin assay, but using a simpler, lower cost, and more suitable assay for microscopy than the use of annexin.
The triple staining technique offers some advantages over the A/PI assay. Whereas in the A/PI assay there is always an unstained subpopulation, the triple stain labels all the spermatozoa in the sample, an obvious advantage when using manual counting in fluorescence microscopy. If a flow cytometer is available, because only sperm cells are stained with the triple staining technique, spermato-http://www.asiaandro.com; aja@sibs.ac.cn zoa and debris can be easily separated based not only on scatter properties of the particles but also on their fluorescent properties. This fact is important because in bull semen, it has been demonstrated that egg-yolk particles can be easily misjudged as spermatozoa based only on their scatter properties [21] , requiring preliminary washing and centrifugation to cleanse the cells. Centrifugation might cause sperm damage and, therefore, mask other effects caused by the cryopreservation.
The three probes are easily distinguished both in flow cytometry and in fluorescence microscopy. The absorption and emission maxima for YO-PRO-1 are 491 nm and 509 nm, respectively, and 528 nm and 617 nm, respectively, for ethidium homodimer to be detected in the Flow Cytometer with the FL1 and FL3 photomul-tipliers. The absorption and emission maxima of SNARF-1 is 488 nm and 575 nm, respectively, and is detected on FL2. Because of the emission and excitation of the probes used in combination, the assay can be easily monitored using conventional fluorescence microscopy, without the need to change filters, making this combination of fluorophores especially useful for routine conditions, without using expensive flow cytometers.
This triple staining distinguishes, as in the A assay, four sperm subpopulations. The first is the subpopulation of spermatozoa which are stained with the SNARF-1, considered alive and without any membrane alteration. It is noteworthy that SNARF-1 stains the whole cell, making their discrimination easy from those membranedamaged, ethidium homodimer-positive cells (that stain red, but at the sperm head), a difference easily readable with epi-fluorescence. Another subpopulation is the YO-PRO-1 positive cells. In early stages of apoptosisin somatic cells, there is a modification of membrane permeability that selectively allows entry of some semipermeant DNA-binding molecules [54, 60] . This subpopulation is the spermatozoa might also show early damage or a shift to another physiological state, because membranes become slightly permeable during the first steps of cryoinjury, enabling YO-PRO-1 but not ethidium homodimer to penetrate the plasma membrane in somatic cells. None of these probes enters intact cells Finally, two subpopulations of cryoinjury-induced necrotic spermatozoa are easily detected: early necrotic spermatozoa stained both with YO-PRO-1 and ethidium homodimer, and late necrotic spermatozoa, cells stained only with ethidium homodimer. Although both YO-PRO-1 and ethidium are DNA-binding probes, and YO-PRO-1 penetrates both early and late damaged membranes, producing green fluorescence in the sperm nucleus, ethidium homodimer permeates only through damaged membranes, producing red fluorescence. When the plasma membrane looses integrity, ethidium homodimer penetrates to the nucleus and quenches or displaces YO-PRO-1 with the consequent change in colour [56] . The subpopulation of live cells using the new triple staining concurs with the subpopulation of live cells using the well validated A/PI assay. In addition, the staining protocol is much easier than the A/PI because the staining is made from stock solutions and is not necessary to use a binding buffer. As the staining of the probes is not dependent on Ca 2+ , as is the case binding FITC-A, the preparation and using of a Ca 2+ enriched buffer is not necessary.
The agreement between both techniques (A and YO-PRO-1/Eth/SNARF-1)was good, although the percentage of live spermatozoa was slightly higher in the triple staining method [36] . Also, the percentage of early damaged spermatozoa was higher with the A/PI assay. This might reflect an increase in membrane permeability, preceeding the transposition of PS in the evolution of the cryodamage, or in a yet to be determined physiological change probably being a very early step of both processes related to changes in cell volume regulation and movement of ions, occurring during the initiation of apoptosis [61] or cryoinjury [62] . In addition, an earlier inactivation of enzymes involved in maintaining membrane asymmetry than those involved in transporting amphipatic small molecules like YO-PRO-1 might explain this fact.
Recently we used this triple staining to predict the ability of different ejaculates to sustain cryopreservation [11] . The interpretation of the results of this technique should take into account all the patterns of staining. First, not only the percentage of YO-PRO-1 spermatozoa is correlated to sperm survival, but the percentage of SNARF-1 positive spermatozoa also correlates to cryosurvival. In addition, the percentage of ethidium positive spermatozoa before freezing correlates negatively with cryosurvival (r = -0.727, P < 0.01). In view of these facts, boar ejaculates showing high percentages of SNARF-1, YO-PRO-1 positive spermatozoa and low percentages of ethidium positive cells should be elected for freezing. Also, the subpopulation YO-PRO-1 positive cells might represent cells showing higher fluidity of the membrane, and an increase on the fluidity of the mem-. 735 .
Tel: +86-21-5492-2824; Fax: +86-21-5492-2825; Shanghai, China brane has been related to a better ability to face the stress of cryopreservation [63] . Experiments in progress in our laboratory clearly demonstrate the importance of detecting subtle changes in sperm membranes. We compared two extenders for chilled canine semen. Motility and the percentage of propidium idodide negative cells were equivalent for all incubation times for both extenders. Only the percentage of YO-PRO-1 positive spermatozoa changed as a result of the extender used. It is clear that if we had used a classical combination of probes, this fact would have been missed.
Conclusion
The increasing use over the past decade of flow cytometry in the leading laboratories in human and veterinary andrology has dramatically increased our knowledge of sperm function under physiological and biotechnological conditions. Among many other recent advances, such as the identification of sperm subpopulations [64] [65] [66] [67] , detecting subtle changes in sperm membranes is an issue of major practical importance. Sperm membranes are an accurate biosensor of the status of the whole cell. Cryopreservation procedures will benefit from new flow cytometry protocols, which will enable the early detection of membrane damage.
